[1] The Late Jurassic to Early Cretaceous (Volgian-Ryazanian) was a period of a second-order sea-level low stand, and it provided excellent conditions for the formation of shallow marine black shales in the NorwegianGreenland Seaway (NGS). IKU Petroleum Research drilling cores taken offshore along the Norwegian shelf were investigated with geochemical and microscopic approaches to (1) determine the composition of the organic matter, (2) characterize the depositional environments, and (3) discuss the mechanisms which may have controlled production, accumulation, and preservation of the organic matter. The black shale sequences show a wide range of organic carbon contents (0.5-7.0 wt %) and consist of thermally immature organic matter of type II to II/III kerogen. Rock-Eval pyrolysis revealed fair to very good petroleum source rock potential, suggesting a deposition in restricted shallow marine basins. Well-developed lamination and the formation of autochthonous pyrite framboids further indicate suboxic to anoxic bottom water conditions. In combination with very low sedimentation rates it seems likely that preservation was the principal control on organic matter accumulation. However, a decrease of organic carbon preservation and an increase of refractory organic matter from the Volgian to the Hauterivian are superimposed on short-term variations (probably reflecting Milankovitch cycles). Various parameters indicate that black shale formation in the NGS was gradually terminated by increased oxidative conditions in the course of a sea-level rise. 
Introduction
[2] High primary production of coastal waters, a stratified water column, anoxic bottom waters, low influx of clastic material (low dilution), and high supply of terrestrial organic matter may promote the formation of organic carbon-rich sediments [e.g., Calvert and Petersen, 1992; Meyers, 1997; Hallam, 1987; Schlanger and Jenkyns, 1976] . Favorable conditions for the formation of argillaceous, organic carbon-rich sedimentary rocks, the so-called black shales, are most known from the mid-Cretaceous where most of our present-day petroleum reserves were generated [e.g., Larson, 1991, and references therein] . Widespread formation of black shales is reported from the Aptian/Albian and Cenomanian/Turonian and is associated with ''oceanic anoxic events'' (OAEs) [e.g., Arthur et al., 1987; Larson, 1991; Sinninghe Damsté and Köster, 1998; Schlanger et al., 1987; Bralower and Thierstein, 1987] . Two principal models have been under controversial discussion during the past three decades: (1) oceanwide episodes of ''stagnation'' in restricted stratified basin similar to the Black Sea, and (2) an increased primary production which causes oxygen minimum zones that impinge on the seafloor and thereby limit the remineralization of organic matter on the seafloor [e.g., Pedersen and Calvert, 1990; Caplan and Bustin, 1998; Saelen et al., 2000; Nijenhuis et al., 1999; Röhl et al., 2001 ]. An increased supply of terrigenous organic matter may also be an important mechanism for the accumulation of organic carbon in marine sediments [e.g., Stein et al., 1986] . However, many of the these studies are derived from the ''middle'' Cretaceous low-latitudinal North Atlantic where black shale formation is associated with a relatively high sea level. Because the oil and gas reservoirs of the North Sea were generated in the late Jurassic much attention has more recently been focussed on the JurassicCretaceous boundary. In contrast to the ''middle'' Cretaceous the Jurassic-Cretaceous boundary was characterized by very low North Atlantic spreading rates, which caused a second-order sea-level low stand [e.g., Haq et al., 1988] and formed a large number of restricted marine environments [e.g., Ziegler, 1988; Hardenbol et al., 1998] . During this time the only direct connection between the North Atlantic and the proto-Arctic Ocean was a narrow and shallow marine passage between Greenland and Fennoscandia, which was more than 1500 km long and only 200 to 300 km wide, the Norwegian-Greenland Seaway [e.g., Ziegler, 1988; Doré, 1991; Hay et al., 1999; Mutterlose et al., 2003; Brekke et al., 1999] (Figure 1 ). The paleogeographic and paleoceanographic situation along the margins of this seaway provided excellent conditions for the formation of black shales, which became eventually petroleum source rocks, e.g., the Hekkingen and Spekk formations exposed along the Norwegian shelf and the adjacent Barents Sea [e.g., Å rhus et al., 1987; Worsley et al., 1988; Bugge et al., 1989; Å rhus, 1991; Leith et al., 1992; Smelror et al., 1998 Smelror et al., , 2001a Bugge et al., 2002; Mutterlose et al., 2003] . The high petroleum generative potential of these late Jurassic to early Cretaceous sequences is also supported by our data (Table 1 ) [see Peters, 1986] . Therefore the Norwegian-Greenland Seaway (NGS) provides rare opportunity to investigate the formation of black shales during times of sea-level low stand and really high northern paleolatitudes.
Material and Analytical Approach
[3] We investigated 257 samples from 3 sediment cores drilled offshore of southern and middle Norway (Figure 1 ). The cores were initially collected and described by Sintef Petroleum Research (former IKU) during economic shallow drilling projects in the late 1980s [e.g., Å rhus et al., 1987; Rokoengen et al., 1988; Bugge et al., 1989; Hansen et al., 1991; Leith et al., 1992] . The southernmost drilling hole 13/1-U-02 is located 57°48 0 N and 08°12 0 E in the western Skagerrak. Hole 6307/07-U-02 is located 63°27 0 N and 07°14 0 E in the southern part of the Hitra Basin (off Smøla Island), and hole 6814/04-U-02 is located 68°39 0 N and 14°09 0 E in the northern part of the Ribban Basin (off the Lofoten Islands). We sampled the entire cores with a spacing between 100 and 200 cm representing time intervals of about 100 to 500 ka.
[4] Total carbon (TC), total nitrogen (TN) and total sulfur (TS) contents were analyzed on homogenized samples using LECO elemental analyzers. The organic carbon content Figure 1 . Paleogeographic situation of the Norwegian-Greenland Seaway and surrounding continental masses in the Ryazanian (middle to late Berriasian) (modified after Ziegler [1988] . Core locations are shown relative to the modern coast line (outlines of Norway) and indicated by the asterisk. Paleolatitudes are taken from Mutterlose et al. [2003] . Abbreviations are as follows: IM, Irish Massif; KH, Kara High; LH, Lomonossov High; MP, Moscow Platform; RBM, Rhenish Bohemian Massif; RHB, Rockall-Hatton Bank; TP, Timan Pechora Area; WSB, West Siberian Basin; NGS, Norwegian-Greenland Seaway; SEP, Southeastern Passage.
(TOC) was determined after carbonate was removed from the samples by hydrochloric acid. The carbonate content was determined by inorganic CaO measurements with a CM-5012-CO 2 coulometer [e.g., Huffmann, 1977; Engleman et al., 1985] and expressed as CaCO 3 . To evaluate the reproducibility of carbon and organic carbon data, duplicates were measured routinely. Fe 2 O 3 , Al 2 O 3 and Zr were measured by XRF analysis using a Philips PW 2400 analyzer. The amount of reactive iron was calculated using the empirical formula Fe reactive = Fe À 0.25 * Al (wt %). TOC-Fe-S relationships were used to estimate the depositional conditions [e.g., Brumsack, 1988; Dean and Arthur, 1989; Lückge et al., 1996; Hofmann et al., 2000] , whereas Zr/Al ratios describe changes of the relative distance to the paleoshore because high Zr/Al ratios usually indicate an increased aeolian input and the proximity to the land [e.g., Hinrichs et al., 2001] . In normal marine sediments the C/N ratio may improve the differentiation between terrestrial and marine organic matter, where a high ratio indicates a more terrestrial signal [e.g., Meyers, 1997, and references therein] . However, in many fossil sediments, especially under anoxic conditions, C/N ratios are often reported to show remarkable exceptions from this ''rule'' [e.g., Rau et al., 1987; Lüniger and Schwark, 2002; Twichell et al., 2002] . Moreover, Langrock et al. [2003] demonstrate that in late Jurassic algae-rich sapropels from the Barents Sea high C/N ratios may indicate a high degree of bottom water anoxia.
[5] Stable carbon isotopes of bulk organic carbon (d 13 C org ) was measured on de-carbonated samples from core 6307/07-U2 and 6814/04-U2. Samples were analyzed by high-temperature combustion in a Heraeus CHN elemental analyzer connected to a Finnigan MAT Delta S isotope ratio massspectrometer [see Fry et al., 1992] . The isotopic composition is reported as d-values [in %] relative to the international Vienna PDB standard [Coplen, 1995] . The analytical reproducibility based on replicate analyses was better than ±0.2%.
[6] Kerogen typing, determination of source rock generative potential and organic matter (OM) maturity were conducted according to Espitalié et al. [1977] and Peters [1986] using a Rock-Eval II (plus S3 unit). The hydrogen index (HI) was calculated from the amount of pyrolyzable hydrocarbons (S2 value) based on the TOC content, and the oxygen index (OI) was calculated from the amount of associated carbon dioxide (S3 value) on the basis of the TOC content. Indices were used in a HI/OI diagram to estimate kerogen types (I-IV), their potential sources and thermal maturity [c.f. Espitalié et al, 1977; Peters, 1986] . The alternative presentation of S2 values against TOC contents is an additional kerogen type determination to avoid mineral matrix effects and to estimate the amount of ''dead'' (inert) organic carbon [e.g., Langford and Blanc-Valleron, 1990; Horsfield et al., 1994; Cornford et al., 1998; Lüniger and Schwark, 2002] . However, the kerogen type classification is only a rough estimate that depends on composition, preservation and thermal maturity of the organic matter. Hence interpretation is difficult without invoking other parameters such as maceral data obtained by petrographic studies.
[7] Consequently, reflected light microscopy was performed on polished blocks of rock and kerogen isolates using a Zeiss Axiophot equipped with normal white and ultraviolet light. The organic matter composition was determined by point-counting maceral analysis following largely the ICCP nomenclature described in the work of Taylor et al. [1998] . In this paper we summarized the observed macerals into vitrinite, inertinite, terrigenous liptinite and marine-aquatic liptinite. Particles less than 5 mm in size and small nonspecific fragments were given the suffix detrinite, e.g., liptodetrinite. Microscopic imaging was performed with a Zeiss Axiocam digital video camera.
[8] To estimate the level of oxygenation in the water column we performed a pyrite size distribution analysis using incident white light [c.f. Wilkin et al., 1996 Wilkin et al., , 1997 . We determined the amount and diameters of total pyrite, pyrite framboids, and idiomorphic crystals on 10 representative samples counting at least 100 grains each.
Lithology and Stratigraphy
[9] The Late Jurassic to Early Cretaceous sedimentary successions of the Norwegian-Greenland Seaway (NGS) were described by several authors [e.g., Å rhus et al., 1987; Rokoengen et al., 1988; Worsley et al., 1988; Bugge et al., 1989; Lippard and Rokoengen, 1989; Å rhus, 1991; Leith et al., 1992; Smelror et al., 2001a Smelror et al., , 2001b Mutterlose et al., 2003] . The sediments deposited during the Volgian and Ryazanian are characterized by dark, dominantly laminated and relatively organic carbon-rich clay stones and silty clay stones. Some of these black shales are also considered as oil shales, e.g., the Spekk Formation and the Hekkingen Formation (Figure 2 ), because they yield liquid hydrocarbons when artificially matured. However, during the Ryazanian and early Valanginian these facies were gradu- Figure 2 . Lithostratigraphic correlation between the investigated cores [after Å rhus et al., 1987; Rokoengen et al., 1988; Mutterlose et al., 2003] using the ages of Hardenbol et al. [1998] . The lithological units are also displayed by their regional terminology, usually given fish names, e.g., the Hekkingen Formation. Note the differences in sedimentation rate from south to north. Abbreviations are as follows: Kimm., Kimmeridgian; eV, early; mV, middle Volgian; lV, late Volgian; Ry, Ryazanian.
ally succeeded by more and more light-colored, silty and/or calcareous sediments typically associated with a decrease in organic carbon. This calcareous facies is called the Klippfisk Formation, which dominated the northern part of the NGS and the western Barents Sea [e.g., Smelror et al., 1998; Bugge et al., 2002] , whereas the time-equivalent Lange Formation dominates the middle NGS. The late Hauterivian (not always documented in the sedimentary record) is usually barren of organic carbon, and signals the end of an approximately 10 Ma episode of black shale formation. These calcareous open-marine sequences are locally succeeded (usually after a hiatus) by dark clay stones or silty clay stones of the Barremian Kolje Formation, containing moderate organic carbon contents ( Figure 2 ). The investigated cores from the NGS reflect these regional sedimentary patterns, whereas the core from the Skagerrak was selected to represent the Southeastern Passage (SEP) to the Tethys realm.
[10] The problem of stratigraphic control on marine sediments containing thick laminated black shale sequences is the relative scarcity of fossils within these sequences. Low clastic sedimentation inhibits fast burial and preservation, and allows scavenging. Therefore a combined investigation on palynomorphs, macrofossils, and foraminifers was performed to gain stratigraphic control [e.g., Hansen et al., 1991; Smelror et al., 1998 Smelror et al., , 2001b Mutterlose et al., 2003] . The latter produced a reasonable stratigraphic framework by comparing peaks from spectral analysis (assumed as astronomical sedimentation rates) with linear sedimentation rates obtained from the investigations mentioned above (see Figure 2 ).
Results

Bulk Geochemical Parameters
[11] For all three cores, average values of bulk elemental composition and Rock-Eval data according to time intervals are summarized in Table 1 .
[12] Total organic carbon (TOC) contents of core 13/1-U-02 range from 0.1 to 1.7 wt %, but most values remain below 1 wt %. There is a continuous decrease in TOC from the base early Volgian to the middle Volgian, until a single maximum of 1.7 wt % introduces the base late Volgian (Figure 3 ). Hydrogen Index (HI) values are very low, ranging between 10 and 40 (mg HC/g TOC) in the early and middle Volgian, and somewhat higher values of about 20 to 100 (mg HC/g TOC) in the late Volgian. Values for Fe 2 O 3 are relatively high and range from 3 to 10 wt %, whereas sulfur values are relatively low and range from 1 to 3 wt %. The Zr/Al ratio is about 15 in the lower early Volgian and continuously increases to about 65 in the middle Volgian.
[13] Core 6307/07-U-02 is characterized by TOC contents between 0.1 and 7.0 wt % that continuously decrease from the early Volgian to the late Ryazanian. The decrease is particularly rapid through the Ryazanian (Figure 4 ). Except 13 C ORG values from À29% in the Volgian and À20% in the Valanginian. The sediments show high Fe 2 O 3 and sulfur contents ranging from 3 to 13 wt %, and 0.1 to 13 wt %, respectively. The Zr/ Al ratio is about 15 in the early Volgian and decreases to about 6 in the Ryazanian.
[14] TOC contents of core 6814/04-U-02 range from 0.1 to 4.8 wt % and decrease similar to those in core 6307/07-U-02 (Figures 4 and 5 concentrations range from 2.6 to 21.4 wt %, and sulfur values range from 0.1 to 6.9 wt %. The Zr/Al ratio is about 25 (2 Â higher compared to core 6307/07-U-02), and there seems to be no change from the middle Volgian to the late Ryazanian (Figure 4) . The Valanginian and early Hauterivian is marked by strong fluctuations in the Zr/Al ratio, where maximum values reach 50 to 60. The succeeding Barremian reveals a relatively stable ratio of about 15.
Maceral Composition
[15] In core 13/1-U-02 vitrinite makes up 10 to 60% of the particulate organic matter (POM), and includes a moderate portion of detritus ( Figure A1 ). There is a general decrease in the amount of vitrinite from base to top of the core almost parallel to the TOC content, except for the base late Volgian. As the counterpart to vitrinite the amount of liptodetrinite makes up 25 to 60% of the POM (Figure 3) . Whereas terrigenous liptinite (5 to 40%) and inertinite (1 to 10%) are of minor importance, except for the late Volgian. The base late Volgian is marked by an increased amount of terrigenous liptinite, which makes up to 35% POM, and produces high peaks in TOC and HI, respectively (Figures 3  and A2) .
[16] The POM of core 6307/07-U-02 is dominated by vitrinite, and includes a relatively high proportion of detritus (Figure 4) . The general change in composition through time reveals a clear picture. The amount of vitrinite increases constantly from about 30% in the early Volgian up to 80% in the Valanginian, which is counterparallel to the TOC content. The marine liptinite makes up the second major group, including a moderate to high proportion of detritus. It is clearly illustrated that its abundance declines steadily from about 60% in the early Volgian (see Figures 4 and A3 ) to about 10% in the Valanginian (see Figures 4 and A4) . The amount of inertinite and terrigenous liptinite is generally much more important compared to core 13/1-U-02, and ranges from 5 to 20% and 1 to 15% of the POM, respectively. In particular, the amount of inertinite shows a symmetrical distribution with lowest values in the early Volgian and in the Valanginian and with a pronounced maximum at the base late Volgian.
[17] The organic matter composition of core 6814/04-U2 is different from the others, because it is heavily dominated by vitrinite, which reaches up to 90% of the POM ( Figure 5 ). The detrital fraction is also much larger compared to the other cores. Similar to core 6307/07-U-02 the amount of vitrinite is always negatively correlated to the TOC curve. Another difference is that vitrinite first decreases from about 60% in the late early Volgian to its minimum in the early late Volgian (Figures 5 and A5 ). It does not increase again before the late Volgian (where the TOC content is highest) to reach about 90% in the Barremian ( Figure A6 ). Marine liptinite is only a minor component (10 to 30%), and has its maximum from the late Volgian to the late Ryazanian. Inertinite and terrigenous liptinite seem to correlate, and both increase mutually from 10% in the late early Volgian to 30% in the early late Volgian. Shortly thereafter inertinite and terrigenous liptinite decrease to insignificant amounts.
Discussion
Sources and Preservation of Organic Matter
[18] Determination of the origin and preservation of individual macerals provides information about the distance from their sources and the depositional conditions. To obtain this information we performed organic petrography supported by Rock-Eval data, and we discuss the applicability of d 13 C ORG isotope data.
[19] The organic matter of the Southeastern Passage (SEP) appears to be a mixture of marine and terrestrial organic matter, but the material presumably derived from marine sources is highly disintegrated. Hence most of the detrital liptinite (see Figure 3) is of uncertain origin, though we found a few indicators for a marine source, e.g., dinocysts and algae. However, owing to poor preservation these relatively hydrogen-rich precursors now appear as the large amount of type III kerogen, as reflected in the HI/OI and S2/ TOC diagrams (Figures 6 and 7) . We found the relatively lipid-rich OM derived from terrestrial sources (spores and pollen) is much better preserved than material from marine sources ( Figure A2 ). The macerals from cellulose and ligninrich land-plants show a broad spectrum of maturation stages, from dark-brown vitrinite to light-gray primary fusinite. These macerals are considered as original type III and IV kerogen presented in the HI/OI and S2/TOC diagrams (Figures 6 and 7) . In general, we observe a decrease of land-plant debris (vitrinite, including vitrodetrinite) from the base early Volgian to the early late Volgian (see Figure 3) and a positive correlation with the TOC content. Espitalié et al., 1977; Peters, 1986] . Sample clusters were generalized by different fields of gray. Figure 7 . Relationship between S2 and TOC for alternative kerogen type determination. The closer the samples plot along a line with a constant HI value, the more likely is organic carbon accumulation controlled by preservation and mixing of terrestrial and marine OM [e.g., Horsfield et al., 1994; Lüniger and Schwark, 2002; Tribovillard et al., 2001] . Deviations in the S2 or TOC direction suggests elevated primary production, or increased supply of terrigenous OM has influenced the accumulation of organic carbon, respectively. Interception with TOC axis may indicate the absorptive capacity of the mineral matrix [e.g., Langford and Blanc-Valleron, 1990] , or the percentage of ''dead'' organic carbon [Cornford et al., 1998 ].
[20] The Norwegian-Greenland Seaway (NGS) shows a very different picture. The organic matter is clearly derived from both marine/aquatic and terrestrial sources and the preservation is much better [e.g., Langrock and Stein, 2001] . We observe a general increase of land-plant debris (vitrinite, including vitrodetrinite) from the early Volgian to the early Barremian, although this course starts somewhat later in the northern NGS location ( Figure 5 ). However, most prominent is the high abundance of well-preserved liptinite fragments (!10 mm) and liptodetrinite ( 5-10 mm), which reveal their marine sources (e.g., algae, dinocysts). We found many physically intact algae at various depths (Pediastrum, Botryococcus, Tasmanites, and most important dinoflagellate cysts) that may be derived from estuarine, lagoonal and/or pelagic sources. Their relatively high preservation results in type II kerogen (Figures 6 and 7) . Terrigenous liptinites are dominated by a variety of fairly to very well-preserved spores and pollen ( Figures A3 and  A5 ), producing type II and II/III kerogen. Therefore compared to the SEP a much wider spectrum of kerogen types appears in the HI/OI and S2/TOC diagrams (Figures 6  and 7) . However, the most striking difference to the SEP is the negative relationship between TOC content and the amount of vitrinite.
[ C values in Cretaceous black shales, where the 15 N depletion is suggested as a result of periodically extensive denitrification by N 2 -fixing bacteria set in largely anoxic or suboxic environments with slow deep-water turnover. This coincides with our interpretation of black shale formation of the Hekkingen Fm and Spekk Fm (see below).
Depositional Environments
[22] There are several processes that increase the amount of organic carbon that is preserved in the sedimentary record, e.g., anoxic bottom waters (= lack of bioturbation), reduced input of clastic material (= lack of dilution), high primary production (= benthic overload), high bulk accumulation rates (= rapid burial), and high supply of terrestrial organic matter [e.g., Müller and Suess, 1979; Demaison and Moore, 1980; Stein et al., 1986; Arthur et al., 1987; De Graciansky et al., 1987; Meyers, 1997] . To assess the depositional conditions we interpreted the pyrite size distribution [e.g., Wilkin et al., 1996 Wilkin et al., , 1997 , TOC-Fe-S relationships [e.g., Brumsack, 1988; Dean and Arthur, 1989; Lückge et al., 1996; Hofmann et al., 2000] , and sedimentation rate/organic carbon relations [e.g., Stein, 1990] .
[23] We found autochthonous pyrite framboids in all studied cores and almost all depths, except for the Valanginian and Hauterivian of core 6307/07-U-02. Autochthonous pyrite formation indicates anoxic conditions, but pyrite [Dean et al., 1986] , and 603 [Arthur et al., 1985] which are summarized in Figure 8 . This relationship seems to be stronger developed with increasing anoxia, and/or higher northern latitudes [Langrock et al., 2003] .
framboids that have formed within an anoxic water column, e.g., in the modern Black Sea, are typically smaller and less variable in size than those formed in the pore spaces of sediments underlying oxic and dysoxic water columns [e.g., Wilkin et al., 1996 Wilkin et al., , 1997 . Our investigations clearly revealed that sediments with a high TOC content are dominated by pyrite framboids that are particularly small and less variable in size. The Volgian and Ryazanian sediments of the NGS basins show that about 98% of the total pyrite occurs as framboids (Table 2) . Average diameters range from 6 mm to 7 mm with a low variability in size. This relatively uniform size is obtained when pyrite is formed within the water column and sinks to the bottom by means of gravity, which suggests that at least a distinct layer of the water column was anoxic [e.g., Wilkin et al., 1996 Wilkin et al., , 1997 . The sediments of the succeeding Valanginian and Hauterivian of core 6814/04-U-02 reveal that only 7% of the pyrite occurs as relatively uniform framboids, and 93% is nonframboidal that has likely been formed below the sediment surface. During the identical time period no pyrite was formed in core 6307/07-U-02, indicating the absence of H 2 S owing to the lack of OM. In core 13/1-U-02 less than 88% of the pyrite are framboids, and much of the framboids have formed huge aggregates filling the pore spaces in the sediment. The diameters of the framboids also differ from those in the other cores and show an average of 12 mm, ranging from 4 to 100 mm. This suggests a rather oxygenated water column, and that pyrite has formed predominantly in the sediment.
[24] The TOC-Fe-S ternary diagrams (Figures 9a -9c ) display the limiting factors for pyrite formation to evaluate the depositional conditions [e.g., Berner and Raiswell, 1983; Berner, 1984; Brumsack, 1988; Dean and Arthur, 1989; Hofmann et al., 2000] . In the Skagerrak location most samples plot within a relatively narrow field, reflecting a low variability between the parameters (Figure 9a ). Pyrite formation was chiefly limited by the lack of labile hydrogen-rich organic matter, because sulfate is unlimited in marine environments. Hence the sediments were likely deposited under relatively stable oxic conditions throughout Figure 9 . TOC-Fe-S ternary diagram showing the limiting factors for pyrite formation [e.g., Brumsack, 1988; Dean and Arthur, 1989; Hofmann et al., 2000] for (a) core 13/1-U-02, (b) core 6307/07-U-02, and core (c) 6814/04-U-02. Formation of pyrite (FeS 2 ) is provided along the solid line. Below this line pyrite formation is limited by reactive iron, probably reflecting anoxic conditions. Above the line pyrite formation is limited by the absence or composition of OM, e.g., samples plot to the left if easy-tometabolize compounds are absent. An evolutionary trend of changing depositional conditions is demonstrated by different numbers representing (1) the early Volgian, (2) the late Volgian, (3) the Valanginian and Hauterivian, and (4) the Barremian. A high percentage, a low average diameter, and/or a low size variability of pyrite framboids suggest a formation under more anoxic conditions, predominantly within the water column. Modern surface sediments, e.g., from the Black Sea, can be related to the Volgian black shale sequences of core 6307/07-U-02 and 6814/04-U-02. Positive relationships to modern analogues are indicated by asterisks.
the Volgian. The black shales of the Volgian and Ryazanian of core 6307/07-U-02 (Figure 9b ) plot below the ''pyrite composition line'' indicating limitations by reactive iron under oxygen-depleted conditions. There is a change along the line toward more oxic conditions, represented by the gray marl of the Valanginian (right flank), and the red marl of the succeeding Hauterivian (upper corner). The sediments of core 6814/04-U-02 are also characterized by distinct provinces. The general trend from more anoxic conditions in the Volgian to dysoxic conditions in the Ryazanian and oxic conditions in the Valanginian/Hauterivian is outlined in Figure 9c . The sediments of the Barremian, which follow a hiatus, plot in a different field (to the left) where the formation of pyrite is limited by the lack of labile organic matter (hydrogen-rich). These sediments are dominated by hydrogen-poor terrestrial OM, which seems to lessen the degree of decomposition by sulfate-reducing bacteria, and eventually decreases the availability of H 2 S in the water column. This results in a decrease of pyrite framboids that crystallized in the water column (see pyrite size analysis above).
[25] The stratigraphic framework presented in the work of Mutterlose et al. [2003] reveals a very low sedimentation rate (SR) for all studied locations. The lack of dilution by clastic input is one of the prerequisites for accumulation of organic carbon-rich sediments. Low sedimentation rates may also indicate that high primary production was not the primary control on organic matter accumulation, at least not for the Norwegian-Greenland Seaway examples. Therefore we calculated initial (or decompacted) sedimentation rates (SR 0 ) to illustrate the relationship between marine organic carbon and sedimentation rate [after Stein et al., 1986 [after Stein et al., , 1990 . We used a decompaction factor of Â2 to Â5 to account for the average porosity loss of clayey to silty sediments during diagenesis [e.g., Poelchau et al., 1997 and references therein]. Figure 10 shows the fields of potential deposition (open boxes) for each core. The Volgian to Ryazanian sediments of core 6307/07-U-02 (box 2) are hosted in the domain of anoxic depositional conditions, which is reflected by high TOC contents and a low sedimentation rates. There is an overlap with the field of potential deposition of core 6814/04-U-02 (box 1) which is characterized by lower TOC contents and somewhat higher sedimentation rates compared to core 6307/07-U-02. The figure displays a border situation for core 6814/04-U-02 between anoxic, open-marine oxic and high primary productivity conditions. This coincides with the foregoing discussion, and may actually represent suboxic to dysoxic conditions in the middle Volgian, and more moderately dysoxic conditions in the Ryazanian. The Valanginian and Hauterivian of the NGS basins (box 1a and 2a) are characterized by much lower TOC contents compared to the sedimentation rates; hence their fields of potential deposition fall in the ''open-marine oxic'' domain. The field of Figure 10 . Relationship between (marine) organic carbon content and decompacted sedimentation rates (modified after Stein et al. [1986b Stein et al. [ , 1990 potential deposition of core 13/1-U-02 (box 3) is situated in the ''open marine oxic'' domain, and supports the interpretations from the foregoing discussion.
[26] We calculated the paleoproductivity for the blackshale sequences on the basis of estimated SR of 0.4-1.2 cm/1000 years for the early Volgian, and 1.2-1.9 cm/ 1000 years for the late Volgian. For oxic environments we used the equation (1) after Müller and Suess [1979] and Stein et al. [1986b Stein et al. [ , 1990 
where PP is the primary productivity (gC/cm 2 /ka), C the (marine) organic carbon content, DBD is the dry bulk density (g/cm 3 ), LSR the linear sedimentation rate (cm/ka), and DEP the water depth (m). We assumed 200 m as an average water depth for this location. For estimating paleoproductivity in anoxic environments we used equation (2) after Bralower and Thierstein [1987] :
where PP is the primary productivity (gC/cm 2 /ka), C the (marine) organic carbon content, DBD is the dry bulk density (g/cm 3 ), and LSR the linear sedimentation rate (cm/ka). Paleoproductivity values for the anoxic NGS basins range from about 4 to 20 gC/cm 2 /ka, which is similar to the sediments with the highest organic carbon contents in the modern Black Sea [e.g., Izdar et al., 1983] . Whereas the Southeastern Passage reveals about 30 to 40 gC/cm 2 /ka under oxic conditions, which is typical for open-marine environments [e.g., Stein et al., 1986] .
[27] An increased supply of terrestrial OM seems to be the primary control on organic carbon accumulation in the Southeastern Passage, because here we have a clear positive correlation between the TOC content and the amount of vitrinite. This seems plausible since the deposition occurred in an open-marine oxic environment. The complete opposite is documented in the Norwegian-Greenland Seaway, where an increased supply of terrestrial OM is unlikely to have had a major control on the organic carbon accumulation.
Paleoenvironmental Change Through Time
[28] There are different indicators to believe that the sediments were deposited on the shelf not far off the paleoshore. First, the occurrence of well-preserved algae from fresh-water and brackish-water habitats along the NGS, such as Botryococcus and Tasmanites indicate the proximity to their sources. Some algae may possess an elevated buoyancy by emitting oil while they live (and so may have a larger distribution), but they will soon drop to the seafloor and become exposed to biochemical disintegration after their relatively short life cycle. Second, there are occasionally vitrinites, vascular bundles, and clasts of bituminous coal that reach up to 1.5 mm in size (often with a high length/width ratio). Under normal hydrodynamic conditions (average current speeds, etc.) such large particles have a very limited lateral distribution [e.g., Lückge et al., 1996; Taylor et al., 1998 ]. Third, the abundance of terrigenous liptinites, e.g., whole spores, along the NGS indicate the proximity to the land. In particular, high diversity in type suggests proximity to a larger variety of land-plant sources, which should decrease with increasing distance from land. In that course, high diversity in size indicates that these particles were also not transported over long distances by wind or water with respect to gravity fractionation.
[29] The increasing amount of detritus upward in the section, which is derived from land-plants indicates a reduction of the organic particle size through time. Consequently, the ratio between vitrinite and vitrodetrinite becomes generally smaller, although the relative amount of these macerals increases. Contemporaneously, the Zr/Al ratio decreased (Figures 4 and 5) suggesting that the grain size of the nonriverine mineral fraction decreased, reflecting the reduced influence of aeolian input [e.g., Hinrichs et al., 2001] . Assuming fractionation by gravity as the primary mechanism for sorting particles, it seems that the distance between the core position and the coast line increased. However, in the northernmost location the change in the Zr/Al ratio is much less, which is probably due to a special paleogeographic setting with a consistent input of windderived clastic material. Black shale formation is often associated with rapid transgression of epicontinental seas, particularly during the early stages [e.g., Sheridan, 1987] . A first transgression pulse may have already occurred in the early Volgian, which could have initialized the formation of black shales. Lateral adjacent coast-land including peat swamps may have been leached and increased the supply of nutrients and terrigenous organic matter to the sea margins, stimulating primary productivity that may have caused anoxia. But this theory is not supported by our results, because we illustrated that the black shale formation in the NGS was stimulated neither by a high sedimentation rate, a high terrigenous input, nor a high marine productivity. Deposition was likely hosted in an isolated anoxic basin with a stratified water column, probably covered by a permanent halocline (Figure 11 ). Primary production was low owing to limited nutrient supply, the lack of upwelling water masses, and perhaps low Fe 2+ input from the continents [see Boyd et al., 2000] . The inflow of oxygenated water masses and the vertical circulation was inhibited, thus promoting the preservation of organic matter similar to the ''stagnation model' ' [e.g., Brumsack, 1980; De Graciansky et al., 1984; Nijenhuis et al., 1999] . Therefore a transgression probably did not initiate, but rather ''disturbed,'' the formation of black shales on a long-term scale. The hinterland became continuously flooded, vegetation withdrew, and the distance between the terrestrial sources and the depositional site increased. The amount of reworked terrestrial organic matter and the amount of detritus increased. Mutterlose et al. [2003] suggested a change from a more warm and humid climate in the Volgian to a more cool arid climate in the Valanginian/Hauterivian for the NorwegianGreenland Seaway, which may be supported by the ongoing decay of land-plant material. However, the momentous change was probably that oxygenated water masses started to enter the basins over ridges and sills, which probably destabilized the stratified water column by increased vertical circulation and eventually diminished the intensity of anoxia. This decreased the preservation of OM, and resulted in a fully oxygenated, more distal and sediment-starved basin in the Valanginian and Hauterivian. Even though primary production was probably enhanced during these conditions most of the marine organic matter was disintegrated before entering the sedimentary record.
Conclusions
[30] The latest Jurassic to earliest Cretaceous time slice provided favorable conditions for the formation of black shales in the eastern Norwegian-Greenland Seaway. In particular the Volgian is characterized by immature sediments with high organic carbon contents and a fair to very good source rock generative potential.
[31] Maceral analysis , Rock-Eval data, and d
13
C ORG data revealed a variable mixture of terrigenous and marine organic matter, suggesting that deposition occurred in a shelf environment. The abundance of terrigenous liptinite, particularly sporinite, and algae derived from freshwater and brackish habitats indicates the proximity to the paleoshore.
[32] Pyrite size distribution, TOC-Fe-S and sedimentation rate/organic carbon relationships suggest that black shale formation occurred under suboxic to anoxic bottom water conditions and a continuous long-term change to more open-marine oxic conditions. Changes from more hydrogen-rich organic matter in the early and middle Volgian to more ''woody'' and refractory organic matter in the Valanginian and Hauterivian is primarily a preservation effect controlled by the increase of bottom water oxygenation.
[33] The increasing amount of organic detritus derived from land-plants and the decreasing Zr/Al ratio suggest that the core positions moved farther from the paleoshore, expanding the distance to the terrestrial sources. This may have occurred in terms of a transgression, probably caused by a sea-level rise.
[34] The sediments from the southeastern passage to the Tethys realm (core 13/1-U-02) were deposited under conditions unfavorable for the formation of petroleum source rocks. Deposition occurred in an open-marine oxic environment with low organic carbon contents and low sedimentation rates. Accumulation of organic carbon was controlled by the input of terrestrial, particularly ''woody,'' organic matter.
Appendix A
[35] The plate shows a few microscopic photographs taken from cores 13/1-U-02, 6307/07-U-02, and 6814/04-U-02 with an AxioCam 1 digital color video camera during petrographic investigation. Figure A1 reflects the typical organic matter composition of the lower subunit A2 of core 13/1-U-02, Figure 11 . Depositional model for the black shale formation in the eastern NGS. High preservation of OM is provided by oxygen deficiency, stratified water column, and short transport distances (vertical and lateral). Advanced transgression increases transport distance and water depth, and allow more oxygenated water masses to enter the basin. This probably results in a decrease of anoxia, the reestablishment of benthic activity, the decrease of lipidrich OM preservation, and eventually the termination of black shale formation. which is dominated by terrestrial OM. Angular vitrinites with ''bogen'' occur in assemblies that are patchily distributed in a pyritized, very fine-grained mineral matrix. TOC is about 0.2 wt % with a corresponding HI of about 10 (mg HC/g TOC) (see Figure 3) (reflected white light, 200 Â magnification). A unique feature is documented in Figure A2 , which shows the remarkable high abundance of terrestrial liptinite (here sporinite) in a depth of 142 m in the lower subunit C of core 13/1-U-02. This caused maximum TOC value of 1.7 wt % in the core and raised the HI to 110 (mgHC/g TOC) (see Figure 3 , fluorescence light, 500 Â magnification). Figure A3 shows the typical organic matter composition of the Spekk Formation of core 6307/07-U-02, showing OM primarily derived from marine and lipidrich terrestrial sources at 80 meters depth. A high TOC of about 5 wt % corresponds to a high HI value of 500 (mgHC/g TOC) (Figure 4 ). (blue light excitation, 200 Â magnification). The organic matter composition that predominates the lower Lange Formation in about 28 m depth is documented in Figure A4 . TOC contents below 0.5 wt % and HI values below 100 (mgHC/g TOC) are reflected in the scarcity of organic particles and the high percentage of refractory material derived from land-plant sources. The vitrinite particle in the center is of low maturity but relatively small and well rounded. The matrix is dull and translucent due to high Figure A2 . OM composition of the lower subunit C of core 13/1-U-02, reflecting the untypical abundance of lipidrich terrestrial OM, here spores (142 mbsf ), blue light excitation, 500 Â magnification. quartz abundance, pyrite is allochthonous and/or pore water generated (reflected white light, 500 Â magnification). The most organic carbon-rich sequences of the Hekkingen formation of core 6814/04-U-02 are best represented by Figure A5 taken at 136 meters depth. High TOC contents of about 4.5 wt % correspond to a but moderate preservation, indicated by HI of about 250 (mgHC/g TOC). Two thirds of the organic matter has derived from terrestrial and one third from marine sources (blue light excitation, 200 Â magnification). Figure A6 shows the typical organic matter composition of the Kolje Formation of core 6814/04-U-02 (Barremian). Although strictly dominated by terrestrial OM, as reflected by HI values 80, TOC values of about 2.5 wt % reflect good preservation, probably by other processes than stagnation (reflected white light, 500 Â magnification).
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